ABSTRACT Vesicles were constituted with glycophorin, the Sendai virus receptor of human erythrocytes, and loaded with calcein, a polar derivative of fluorescein, at self-quenching concentrations. On exposure to Sendai virus and mild hypo-osmotic stress, vesicles of the appropriate composition released a significant portion of their internal contents, as indicated by an incrlase in calcein fluorescence. Susceptible liposomes were not induced to leak by heat-inactivated virus or by trypsin-treated virus. The response of the vesicles to virus attachment is thus analogous to virus-induced hemolysis and presumably involves fusion of the vesicle and virus membranes. In addition to glycophorin and phosphatidylcholine, cholesterol was absolutely required for the lytic response to the virus. The need for cholesterol was not attributable to inactivation of the virus by liposomes without cholesterol. The presence of gangliosides increased the encapsulated volume of the liposomes, but gangliosides did not effectively substitute for glycophorin. Thin-layer chromatography of lipid extracted from incubated virus and liposomes containing a small amount of a fluorescent phosphatidylcholine indicated that phosphatidylcholine in the vesicle is not chemically altered by functional interaction with the virus.
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Fusion with cell membranes is an essential step in the infection of cells by many membrane-bounded viruses. Evidence is mounting that even those enveloped viruses that enter a cell by endocytosis eventually fuse-e.g., with the phagosome-lysosome membrane (1) . The mechanism of membrane fusion is obscure, however, not only in the case of viral membranes but also in general, although considerable progress has been made in elucidating the structure of virus membranes (2) . In comparison with virus membranes, target cell membranes are extremely complex. Investigators have therefore sought to reduce that complexity by using model target membranes for the analysis of the molecular mechanism of fusion. Investigations of the interactions of the highly fusogenic Sendai virus with model membranes, which could attach to (3) (4) (5) , be lysed by (6) , and fuse with (7, 8 ) the virus, have affirmed the feasibility of this approach.
Virus-induced hemolysis is generally accepted to represent the response of erythrocytes to fusion with Sendai virus. Using a simple and sensitive assay for lysis (9) of model target liposomes under hypo-osmotic conditions, we sought to define the composition of a vesicle that would provide a response analogous to hemolysis. We observed significant susceptibility to virus-induced lysis only with membranes containing both cholesterol and the virus receptor protein, glycophorin, in addition to a bilayer-forming lipid. The latter was not chemically altered during the interaction, and preincubation of the virus and liposomes without cholesterol did not affect the hemolytic activity of the virus. In defining the composition of a susceptible membrane, we have begun to limit the number of possible mechanisms by which Sendai virus fuses with cells.
MATERIALS AND METHODS
Lipids and Chemicals. Chromatographically pure phosphatidylcholine (type V-E), trypsin (type I), turkey egg white trypsin inhibitor, and cholesterol, which we recrystallized from ethanol, were from Sigma. 1-Acyl-2-(N-4-nitrobenzo-2-oxa-1,3-diazole)aminocaproyl phosphatidylcholine (NBD-PC) was from Avanti Biochemicals. Calcein was from Hach Chemical (Loveland, CO). Gangliosides were prepared from gray matter of bovine brain according to the method of Gammack (10) .
Liposome Preparation. Liposomes, constituted with glycophorin, were prepared by a modification of a method described previously (4). First, 3.4 mg of phosphatidylcholine, 0.1 mg of glycophorin (10 mg/ml in water) isolated by the method of Marchesi and Andrews (11) , and, as appropriate, other lipids were combined in 1-2 ml of chloroform/methanol (1:1, vol/vol) in a 150-ml beaker. The solvent was removed under nitrogen and subsequently under oil pump vacuum for 1 hr. Calcein at 50 mM and pH 7.0 was added, and the beaker was incubated at 37C overnight. Untrapped calcein and unincorporated glycophorin were removed by centrifugation at 27,000 X g for at least 15 min in a Sorvall SS-34 rotor, by gel filtration chromatography, or by both procedures.
Virus Preparation and Treatment. Standard procedures were followed (12) . Sendai virus (Z strain) was grown in the allantoic sac of 10-or 11-day chicken eggs. The eggs were incubated an additional 3 days after inoculation and the virus was collected from the allantoic fluid. The virus was purified by differential centrifugation. Polyacrylamide gel electrophoresis in sodium dodecyl sulfate, according to a modification of the method of Fairbanks etaL (13) , revealed no proteins other than those of the virus. Concentrated virus in 150 mM NaCl/5 mM sodium phosphate, pH 7.5 (Pi/NaCl), was divided into aliquots and stored at -700C or at -20'C. Prior to use, the virus was disaggregated by passage through a microliter syringe 10 or more times. Hemagglutination activity of the virus was determined with the Salk method (14) . For most experiments, the virus was used at a concentration of about 16,000 hemagglutination units (HAU)/ml.
To heat denature virus, an aliquot of stock virus was immersed in boiling water for 10 min. For trypsin treatment, 1 ml of stock virus suspension was diluted into 9 ml of 0.01 M sodium phosphate, pH 7.2, at 370C and mixed with 0.06 mg of trypsin Abbreviations: Pi/NaCl, 150 mM NaCl/5 mM sodium phosphate, pH 7.5; Mops/NaCl, 150 mM NaCI/10 mM 4-morpholinepropanesulfonic acid, pH 7.5; HAU, hemagglutination units. $To whom correspondence should be addressed.
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Proc. Natld Acad. Sci. USA 80 (1983) 1609 and incubated at the same temperature for 20 min. Then 30 ml of chilled Pi/NaCl containing 0.12 mg of turkey egg white trypsin inhibitor was added, followed immediately by centrifugation in a Sorvall SS-34 rotor for 1 hr at 27,000 X g. The pellet was resuspended in 1 ml of Pi/NaCl.
Assay for Leakage of Liposome Contents. Fluorescence was measured in a Farrand spectrofluorometer with an optical accessory to focus the exciting light into the center of 5-mm sample tubes. The slits were removed and 490-nm and 520-nm interference filters of 10-nm A small but distinct linear increase in fluorescence is observed with glycophorin-containing vesicles, but the difference between the two vesicle types is markedly accentuated by an osmotic stress (time zero). In contrast to the other records of this figure, in which percent of maximal leakage is plotted, fluorescence in Fig. 1C is given in arbitrary units.
Like glycophorin, cholesterol is essential (Fig. 1D) . Vesicles that do not contain cholesterol are no more responsive to osmotic shock in the presence of virus than in its absence. As shown in Fig. 2 , the cholesterol requirement is met at a cholesterol-tophospholipid mole ratio of 1:2. A cholesterol-to-phospholipid mole ratio of 1:4 does not suffice. If liposomes without cholesterol were inactivating the virus, the cholesterol requirement would merely represent the inability of cholesterol-containing liposomes to inactivate the virus. Fig. 3 shows that virus that had been preincubated with phospholipid vesicles with or without cholesterol under lysis assay conditions retained as much hemolytic activity as virus not preincubated with liposomes. Thirteen micrograms of phospholipid corresponds to the maximal liposome-to-virus ratio employed in the liposome lysis experiments. When virus was preincubated with glycophorin-and BKProc. Natd Acad. Sci. USA 80 (1983) 1611 ganglioside-containing liposomes with and without cholesterol, the presence of cholesterol had no effect on the residual hemolytic activity, which in both cases was 15-20% less than that of virus not preincubated with liposomes (not shown). This decrement is due to binding of glycophorin-and ganglioside-containing liposomes to some of the virus, which then became unavailable for interaction with erythrocytes.
To demonstrate that the responses described require active viral proteins-i.e., hemagglutinin for attachment and the F protein for fusion (review, ref.
2)-heat-treated and trypsintreated viruses were assayed for their ability to induce lysis of target liposomes. Because the viral hemagglutinin is inactivated by heat (16), the heat-treated control (not shown) indicated that viral hemagglutinin is necessary for release of marker from target liposomes. F protein, on the other hand, can be selectively inactivated by trypsin-without affecting-the hemagglutinin (17) . As shown in Fig. 4 , trypsin-treated virus, which retained 70% of its hemagglutinating activity but only 5% of its hemolytic activity, did not induce significant release of marker from susceptible liposomes. Polyacrylamide gel electrophoresis in sodium dodecyl sulfate confirmed that almost all of the F band was eliminated by trypsin treatment. In the experiments of Fig. 4 , the amount of liposomes was reduced to about 1/3 that used for the experiments of the previous two figures. Although the magnitude of the response is reduced, the higher ratio of virus to liposomes provokes a larger difference between intact and trypsin-treated virus. Response of liposomes to addition of Pi/NaCl was, within 2%, the same as that to trypsin-treated virus. These records, which cover the entire time course of the response, reveal that most of the leakage occurs within 20 min. Complete release of liposome contents does not occur, and the residue is presumed to have been entrapped within multilamellar liposomes, which exist in these preparations (4) .
The possibility that phospholipid hydrolysis is necessary for virus-cell fusion has been tested and, although no evidence of hydrolysis has been obtained (18) , a small amount of local hydrolytic activity at the limited area of contact of virus with cell could be obscured by the background.metabolism of the cells. Fusion-specific phospholipid hydrolysis should be easier to identify in-a virus-liposome system with no metabolic capabilities. Nevertheless, we could obtain no evidence that Sendai virus exerts lipolytic activity on phosphatidylcholine, the "matrix" lipid of the liposomes. Susceptible liposomes were constituted with a few percent of a phosphatidylcholine bearing a fluorescent acid at the 2 position. Thin-layer chromatography of the lipids extracted from incubated virus and liposomes revealed a single fluorescent band that migrated with phosphatidylcholine (Fig. 5) . DISCUSSION -It is generally accepted that leakage is a consequence of fusion of the virus membrane with the cell membrane (19) . We suggest, therefore, that "lysis" of a liposome by Sendai virus may involve the same or similar molecular interactions as does, for example, lysis of an erythrocyte. Thus, liposomes that are induced to leak their contents upon treatment with Sendai virus are useful models for the study of membrane fusion.
'Employing an assay that is analogous to hemolysis, we confirmed that Sendai virus induces release of a small molecular weight marker from liposomes constituted with the virus receptor, glycophorin, as well as gangliosides, cholesterol, and phospholipid (6) . In contrast to the absolute requirement for glycophorin, the need for gangliosides is less stringent. It is likely that some of the more complex gangliosides, which have much greater virus receptor activity than the simpler gangliosides (20) (7) and being "penetrated" by (21) Ls were as given for Fig. 1 .
Sendai virus.
H . Sendai virus does not exhibit a lipase activity directed at the phosphatide of potentially responsive membranes (18) , even when-as under the circumstances reported here-any products of lipase activity should be most easily detected-i.e., in a liposome with no metabolic capabilities. Cholesterol, except with respect to esterification with fatty acids, is relatively inert metabolically. Although we have not ruled out esterification of cholesterol, it is clear from the lack of change in the fluorescent phospholipid that the latter was not the source of an acyl group.
Our assay system features the hypo-osmotic condition, which greatly increased the leakage induced by Sendai virus. Because osmotic stress has been shown to promote fusion in other systems involving bilayer vesicles (22, 23) , it was necessary to determine whether the responses we obtained were, in fact, dependent on functional viral proteins-particularly, the fusionpromoting F protein of Sendai virus. The trypsin-treated virus with substantial hemagglutinating but almost no hemolytic activity did not cause liposome lysis under hypo-osmotic conditions. Even in the presence of osmotic stress, therefore, liposome lysis was due to active F protein.
Another finding was the dependence of virus-mediated lysis from target liposomes under hypo-osmotic conditions on their cholesterol content. It was necessary to rule out the possibility that cholesterol-deficient liposomes were not susceptible to Sendai virus because they inactivated the virus by removing its cholesterol. This possibility was raised by the transfer of cholesterol from vesicular stomatitis virus (24) and from spikeless influenza virus (25) , which paralleled an 86% loss in infectivity in the case of vesicular stomatitis virus. Because the hemolytic activity of virus was the same regardless of whether it had been preincubated with liposomes containing cholesterol or with liposomes deficient in cholesterol, the cholesterol was required in this instance in the target membrane and not in the virus membrane. Using a different lysis assay without osmotic stress, Oku et aL (6) did not observe a cholesterol requirement.
Like the glycophorin requirement, the cholesterol requirement constitutes an important parallel between the model and the natural target membrane of Sendai virus, because erythrocytes also become refractory to Sendai virus after they have been depleted of cholesterol (26) . Furthermore, cholesteroldepleted erythrocytes regain their susceptibility to viral hemolysis upon the replacement of cholesterol. The sensitivity of other model target membranes to other viruses-i.e., Sindbis (27) , cyanophage AS 1 (28) , and Semliki Forest (29)-also depended on their cholesterol content. Both cholesterol and gangliosides have been reported to enhance the susceptibility of membranes to penetration by complement (30) and by thyroid-stimulating hormone (31) and tetanus toxin (32) , respectively. These findings and the cholesterol requirement demonstrated here raise the intriguing possibility that membrane components in or near the cell surface, like cholesterol and gangliosides, may play specific roles in a variety of processes involving transmembrane communication.
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